Cobalt/N-heterocyclic carbene system or cobalt/diamine combination effectively catalyzes sequential cyclization/cross-coupling reactions of 6-halo-1-hexene derivatives with trialkylsilylmethyl, 1-alkynyl, and aryl Grignard reagents. The sequential cyclization/cross-coupling reactions are applied to the synthesis of 1,3-diols starting from siloxy-tethered 6-halo-1-hexene derivatives.
Introduction
Transition metal-catalyzed cross-coupling reactions are very powerful tools for carbon-carbon bond formation in organic synthesis.
The cross-coupling reactions of alkyl halides having β-hydrogen with organometallic reagents are difficult because of slow oxidative addition of alkyl halides to low valent transition metal and β-hydride elimination from alkyl-transition metal intermediates.
During the past decade, the development of cross-coupling reactions of alkyl halides has made remarkable progress. 1 We have been interested in cobalt-catalyzed cross-coupling reactions of alkyl halides with Grignard reagents, 2,3 and reported sequential cyclization/cross-coupling reactions of 6-halo-1-hexene derivatives with trialkylsilylmethyl and 1-alkynyl Grignard reagents, which proceed only with the aid of N-heterocyclic carbene (NHC) ligands. Herein we present the full details of the reactions, including its scope, the curious effects of NHC ligands, 4 and a new approach to 1,3-diols starting from silicon-tethered 6-iodo-1-hexene derivatives. 
1-alkynyl Grignard reagents in the presence of cobalt/N-heterocyclic carbene catalyst
In light of the importance of silyl groups as a hydroxy equivalent, cobalt-catalyzed sequential cyclization/cross-coupling reaction with allyldimethylsilylmethylmagnesium chloride was investigated at first. Imidazolium salt (SIEt⋅HCl, 2a, Table 1 , 0.025 mmol), a 4-aza-6-iodo-1-hexene derivative 1 (0.5 mmol), and CoCl 2 (0.025 mmol) were mixed in dioxane (2 mL). Allyldimethylsilylmethylmagnesium chloride (1.5 mmol, 1 M ether solution) was then added over 5 s at 25 ˚C, to cause an exothermic reaction. The mixture was stirred at 25 ˚C for 30 min to provide the corresponding cyclization/coupling product 3 in 81% yield (Scheme 1). The 3-(2-silylethyl)pyrrolidine derivative 3 underwent deallylative fluorination followed N-Heterocyclic carbene (2a') was the best ligand among many ligands we tested (Table 1) . 7, 8 Other NHC ligands were less effective. For example, the use of 1,3-di(tert-butyl)-substituted imidazolium salt 2c afforded less than 5% yield of 3 (entry 3), and a significant amount of 1-toluenesulfonyl-3-methylenepyrrolidine was formed via β-elimination. On the other hand, 1,3-dimesityl-substituted derivative IMes⋅HCl (2d) showed modest activity (entry 4), and the use of SIMes⋅HCl (2b), the dihydro analogue of 2d, further improved the yield of 3 up to 54% (entry 2). Diisopropylphenyl-substituted imidazolium salt (IPr⋅HCl, 2e) which bears larger aryl groups than IMes⋅HCl (2d) provided none of the coupling product, leaving most of the starting material (entry 5).
The use of other ligands such as phosphines (PPh 3 and P t Bu 3 ) and N, N, N', 3g resulted in much lower yields (entries 6-8). The carbene ligand (2a') may promote facile oxidative addition through a single electron transfer mechanism and fast reductive elimination from an alkylcobalt intermediate without suffering from β-elimination. The choice of solvent had a significant effect on the yields of the coupling product. Dioxane proved to be the best solvent. Other solvents such as THF and ether gave much lower yields of the coupling product (30-40%). Table 1 . Ligand effect (Scheme 2) . Unfortunately, the reactions of secondary alkyl halides resulted in failure and gave mixtures of alkane and alkene which could be generated by protonation and β-elimination from alkylcobalt intermediate. Various alkynylmagnesium reagents were examined. The magnesium acetylides 17b and 17c, bearing a sterically bulky group and a siloxy group, respectively, reacted smoothly. However, 2-trimethylsilylethynyl 3h or phenylethynyl Grignard reagent provided none of the expected product and gave a mixture of the nonalkynylated cyclic product and starting material 1. Treatment of 6 provided lactone 19 in 73% yield through cyclization/alkynylation followed by Jones oxidation (Scheme 4). The silicon-tethered 6-iodo-1-hexene derivative 20 was employed for the reaction with aryl Grignard reagent in the presence of cobalt and diamine catalyst (Scheme 6). Methyl substitution at the 2-position did not retard the reaction. However, mesityl Grignard reagent could not be applicable. The products 21a-21e were always 1:1 mixtures of diastereomers, which originate from the relationship between the cis-fused bicyclic system and arylmethyl group. This arylation-oxidation sequence could be effectively applied to the iodides 23 and 26, and the corresponding diols 25 and 28 were obtained in good yields. (Schemes 7 and 8).
Scheme 7. 
Conclusion
In summary, we have developed new and useful variants of sequential cyclization/coupling reactions of 6-halo-1-hexene derivatives with trialkylsilylmethyl, 1-alkynyl, and aryl Grignard reagents.
The cross-coupling reactions proceeded only with the aid of NHC ligands in the case of trialkylsilylmethyl and 1-alkynyl Grignard reagents.
Moreover, the cobalt-catalyzed sequential cyclization/cross-coupling reaction could be applied effectively to the construction of 1,3-diol units by using siloxy-tethered strategy. were successively added. After being stirred at room temperature for 18 h, the reaction mixture was poured into saturated sodium thiosulfate solution. The product was extracted with ethyl acetate (20 mL × 3). The combined organic layer was dried over Na 2 SO 4 and concentrated.
Purification by silica gel column chromatography (hexane/ethyl acetate = 1:1) provided the alcohol 4 (50 mg, 0.18 mmol) in 74% yield. and potassium hydrogencarbonate (100 mg, 1.0 mmol) were dissolved in methanol-THF (5 mL, 1:1 mixture). The crude product and 30% H 2 O 2 aq (0.52 mL) were successively added. After being stirred at room temperature for 12 h, the reaction mixture was poured into saturated sodium thiosulfate solution.
The product was extracted with ethyl acetate (20 mL × 2). The combined organic layer was dried over Na 2 SO 4 and concentrated. Silica gel column purification (hexane/ethyl acetate = 2:1) of the crude product provided the diol 30 (74 mg, 0.25 mmol) in 51% isolated yield.
Characterization Data:
The substrates 1, 5, 6, 7, 8 and 9 were prepared according to the literature. 3a,b,g,13 The elemental analyses of 22c-e are not described here. The elemental analyses of 22c-e were carried out after converting them to the corresponding diacetates. To obtain the diacetates, the diols were subjected to the standard acetylation conditions (Ac 2 O, pyridine, DMAP). 13.6, 19.3, 21.3, 23.3, 23.5, 36.5, 44.6, 61.2, 70.2, 102.3, 113.1, 135.1; Found: C, 66.11; H, 10.51 MHz, CDCl 3 ) δ -3.6 (× 4C), 13.5, 13.6, 14.1 (× 2C), 14.3 (× 2C), 19.7 (× 2C), 22.9 (× 2C), 23.3, 23.4, 26.3, 26.5, 27.4, 27.8, 32.1, 32.2 (× 2C), 32.3, 34.9, 37.3, 39.3, 40.0, 45.9, 47.0, 66.9, 67.3, 82.9, 85.6, 103.6, 103.7, 113.0 13.9, 23.4, 25.5, 30.2, 32.6, 43.6, 112.7, 135.6; Found: C, 73.38; H, 12.32 3, 18.7, 21.7, 22.3, 25.6, 30.7, 32.1, 38.3, 47.6, 52.7, 62.3, 77.5, 81.7, 127.8, 129.8, 134.1, 143.5; Found: C, 62.15; H, 8.22 2.71 (q, J = 9.5 Hz, 1H); 13 C NMR (125.7 MHz, CDCl 3 ) δ 13.8, 18.5, 19.8, 22.1, 22.2, 28.4, 31.1, 35.2, 44.6, 76.7, 82.8, 86.5, 175.3; Found: C, 74.70; H, 9.60. Calcd for C 13 H 20 O 2 : C, 74.96; H, 9.68 .
1-(p-Toluenesulfonyl)-3-[2-(allyldimethylsilyl)ethyl]pyrrolidine (

1-(p-
(2-Iodocyclohexyloxy)dimethylvinylsilane (20): oil. IR (neat) 785, 837, 877, 973, 1109 , 1250 , 2936 .0 Hz, 1H); 13 C NMR (125.7 MHz, C 6 D 6 ) δ - 1.1, 24.1, 27.4, 35.3, 38.1, 39.7, 76.5, 133.4, 138.1; Found: C, 38.83 6, 20.0, 20.4, 25.0, 25.8, 25.9, 33.2, 33.9, 41.4, 42.0, 44.2, 44.8, 67.4, 72.4, 76.6, 77.6, 126.7, 126.8, 128.8, 128.9, 129.4, 129.5, 138.8(× 2C 88-3.08 (m, 2H), 3.94 (m, 0.5×1H), 4.06 (m, 0.5×1H), 4.13 (m, 0.5×1H), 4.42 (m, 0.5×1H), 7.34-7.37 (m, 1H), 7.42-7.49 (m, 2H), 7.66 (s, 0.5×1H), 7.68 (s, 0.5×1H), 7.79-7.82 (m, 3H); 13 C NMR (125.7 MHz, CDCl 3 ) δ 18.7, 20.0, 20.4, 25.0, 25.8, 25.9, 33.2, 33.9, 41.5, 42.2, 44.3, 44.8, 67.5, 72.4, 77.4, 77.5, 125.7 (× 2C), 126.3 (× 2C), 127.7 (× 2C), 127.8 (× 4C), 127.9, 128.0, 128.5 (× 2C), 132.4, 132.5, 133.8, (× 2C), 136.4, 136.5. Found: C, 79.72; H, 8.26. Calcd for C 18 H 22 O 2 : C, 79.96; H, ˚C.
2-[1-Hydroxy-2-(2-methylphenyl)ethyl]cyclohexanol (22c) (50:50 mixture of diastereomers):
oil. IR (neat) 743, 1456, 2859, 2929, 3380 cm2.44 (m, 3H), 2.67 (brs, 2H), 2.84-3.06 (m, 2H), 3.94 (m, 0.5×1H), 4.15 (m, 0.5×1H), 4.18 (m, 0.5×1H), 4.53 (m, 0.5×1H), 7.24-7.28 (m, 4H) ; 13 C NMR (125.7 MHz, CDCl 3 ) δ 18.8, 19.8, 19.9, 20.0, 20.4, 25.1, 25.9 (× 2C), 33.2, 33.8, 38.5, 39.2, 44.6, 45.3, 67.4, 72.4, 75.3, 76.3, 126.3 (× 2C), 126.8, 126.9, 130.2, 130.3, 130.7, 130.8, 136.9 (× 2C) 5, 19.7, 20.3, 20.5, 20.8, 20.9, 21.5 (× 2C), 23.7, 24.2, 25.4 (× 2C), 30.2, 30.4, 36.1, 36.5, 44.6, 44.7, 68.2, 70.4, 73.3, 74.4, 125.8 (× 2C), 126.8 (× 2C), 130.4 (× 2C), 130.5, 130.6, 136.0 (× 2C), 136.6, 136.7, 170.0, 170.2, 170.8, 171. 6, 20.0, 20.4, 25.0, 25.8, 25.9, 33.2, 33.8, 40.4, 41.0, 44.1, 44.6, 55.5 (× 2C), 67.4, 72.4, 76.6, 77.8, 114.2, 114.3, 130.4, 130.5, 130.7, 130.8, 158.4, 158. 2, 20.4, 21.1, 21.2, 21.4, 21.5, 23.5, 24.0, 25.3, 25.4, 30.1, 30.4, 37.3, 37.4, 43.2, 43.5, 55.4 (× 2C), 68.2, 70.1, 74.0, 75.7, 113.8, 113.9, 129.4, 129.7, 130.6, 130.7, 158.4 (× 2C), 170.3, 170.5, 170.8, 170.9; Found: C, 68 7, 19.9, 20.3, 24.9, 25.7, 25.8, 33.4, 34.1, 41.1, 41.8, 44.7, 44.9, 67.6 2, 20.4, 20.8, 20.9, 21.4, 21.5, 23.6, 24.1, 25.3 (× 2C), 30.1, 30.5, 38.2, 38.4, 43.7, 44.1, 68.1, 69.8, 73.5, 75.2, 123 .6 (q, J = 3.9 Hz, × 2C), 125.3 (q, J = 272.1 Hz, × 2C), 126.5 (q, J = 3.9 Hz), 126.7 (q, J = 3. 1, 22.7, 26.7, 35.2, 36.2, 43.0, 43.3, 47.5, 50.2, 73.1, 73.9, 74.4, 77.2, 126.6, 126.7, 128.7, 128.8, 129.4, 129.6, 138.6, 138.8 MHz, C 6 D 6 ) δ -0.9 (× 2C), 14.3, 14.7, 23.4, 25.9, 29.9, 32.5, 37.6, 72.7, 133.7, 138.4; Found: C, 42 25.5, 25.9, 29.5 (× 2C), 32.0 (× 2C), 37.6, 38.3, 42.0, 42.5, 44.2, 44.8, 69.5, 70.4, 73.1, 74.2, 126.8 (× 2C) , 128.8 (× 2C), (125.7 MHz, CDCl 3 ) δ -3.0 (× 3C), -2. 9, 11.3, 11.7, 14.3 (× 2C), 22.8 (× 2C), 25.5, 26.0, 29.5 (× 2C), 31.8, 32.0 (× 2C), 32.5, 37.7, 38.5, 41.9, 42.4, 69.7, 71.9, 73.4, 75.6, 128.0 
